The safety aspects of the exposure of people to uniform plane waves in the frequency range from 900 MHz to 5 GHz are analyzed. Starting from a human body model available in the literature, representing a man in resting state, two new anatomical models are considered, representing different phases of the respiratory activity: tidal breath and deep breath. These models have been used to evaluate the whole body Specific Absorption Rate (SAR) and the 10-g averaged and 1-g averaged SAR. The analysis is performed using a parallel implementation of the finite difference time domain method. A uniform plane wave, with vertical polarization, is used as an incident field since this is the canonical exposure situation used in safety guidelines. Results show that if the incident electromagnetic field is compliant with the reference levels promulgated by the International Commission on Non-Ionizing Radiation Protection and by IEEE, the computed SAR values are lower than the corresponding basic restrictions, as expected. On the other side, when the Federal Communications Commission reference levels are considered, 1-g SAR values exceeding the basic restrictions for exposure at 4 GHz and above are obtained. Furthermore, results show that the whole body SAR values increase passing from the resting state model to the deep breath model, for all the considered frequencies.
Introduction
The fast developments of wireless communications systems, such as Universal Mobile Telecommunications System (UMTS), WiFi, and Worldwide Interoperability for Microwave Access (WiMAX), have increased the spectrum of fields radiated by the fixed stations of these systems to frequencies up to 5 GHz [1] . Moreover, biomedical applications of electromagnetic fields at microwave frequencies, as the remote monitoring of vital signs, are gaining increasing attention [2, 3] . Therefore, the study of human exposure at frequencies between 900 MHz and 5 GHz is an up-to-date topic in order to assess the compliance of the electromagnetic field with exposure guidelines [4] [5] [6] [7] .
Exposure guidelines are defined in terms of basic restrictions, which are maximum values directly linked to health effects, and in terms of reference levels, which are values related to the incident electromagnetic fields more easily measurable in actual applications [4] [5] [6] [7] . In the considered frequency range the basic restrictions are defined in terms of the Specific Absorption Rate (SAR) as averaged over the whole body or over a local mass [4] [5] [6] [7] . From the exposure guideline point of view, an important change has occurred within the 2005 version of the IEEE exposure standard [6] with respect to the previous versions [8] . In particular, for local exposure evaluation, the IEEE 2005 has adopted a limit on the 10-g averaged SAR, similarly to the ICNIRP basic restriction, in place of the limit on the 1-g averaged SAR present in the preceding versions of the Standard [8] . Moreover, the ICNIRP reference levels for the unperturbed incident field have been also adopted [6] . However the 1-g averaged SAR is still implemented by the Federal Communications Commission (FCC) regulation [7] .
In the last decade the progress in computer resources has made the numerical studies of human exposure to electromagnetic fields feasible for anatomically realistic body models and for frequencies up to 1 GHz and above [9] [10] [11] [12] . Moreover several numerical models of the human body have been developed and studied [13] [14] [15] [16] [17] . However, all the reported studies have considered human models with 2 International Journal of Antennas and Propagation the lung at resting state. On the other side, the development of anatomical models of breathing subjects could be very helpful to evaluate safety issues related to newly developed diagnostic techniques. As an example, Ultra Wideband Radars for the remote monitoring of the human respiratory activity are spreading in recent years.
In this paper, three human body models have been considered. Starting from Duke of the Virtual Family [13] , two new anatomical models have been developed taking into account the respiration physiology and the pulmonary mechanics. These new models, representing a tidal and a deep breath, have been obtained through an automatic procedure [18] . The exposure of these three different breathing adult models to an incident electromagnetic field with frequencies in the range 900 MHz-5 GHz is studied by using a parallel implementation of the finite difference time domain (FDTD) method. The whole body SAR, the SAR as averaged on 10-g mass and 1-g mass (SAR WB , SAR 10-g , and SAR 1-g ) are computed, taking into account the frequency dependence of the dielectric properties of biological tissues, and also the variations of the dielectric properties and mass density of the lungs during respiration.
The paper is organized as follows: in Section 2, the numerical method and the human anatomical models are presented; in Section 3 results of dosimetry studies for the three breathing subject models are shown in terms of SAR. Eventually, in Section 4 conclusions are drawn.
Methods and Models

FDTD Method.
The SAR computations are performed by using a self-developed code [19] . This code applies the FDTD method that divides the domain under study in elementary cells. To excite the impinging plane wave the whole volume is divided into a total-field and a scattered-field region by means of a Huygens' surface [20, 21] . The scattered-field region is closed by applying a uniaxial perfectly matched layer (UPML) absorbing boundary condition made by 5 cells with a parabolic spatial dependence for the electric and magnetic conductivities, and whose maximum values give a theoretical reflection coefficient lower than 0.01% [21] . A spatial resolution of 1 mm was chosen for the simulations. At the highest frequency of interest (5 GHz) this resolution corresponds to less than 1/8 of the wavelength for all body tissues and it is almost equal to 1/10 of the penetration depth of the electromagnetic field. In [12] an expanded uncertainty of 0.2 dB on the SAR WB and of 0.51 dB for the SAR 10-g was evaluated for 1-mm FDTD simulations taking into account grid resolution, absorbing boundary conditions, and steadystate convergence.
With reference to the source, a plane wave with sinusoidal time dependence propagating along the -axis (front-back of the body model) and with the electric field polarized along the -axis (feet-head direction of the body model) has been excited with an electric field amplitude corresponding to the ICNIRP and IEEE 2005 reference levels for general public at the different frequencies. For the 1-g averaged SAR the reference levels for general public of FCC have been considered instead.
The 1-mm resolution of the human body model requires a huge amount of memory (higher than 15 GB) and computational time (several days). For this reason, a parallel implementation of the FDTD scheme based on the message passing interface (MPI) paradigm was used. Simulations were run on a cluster with a total of fifteen CPUs and about 26 GB of RAM. Execution time is about 8 hours for each considered model. The SAR 10-g and SAR 1-g have been computed by considering cubic volumes, whose sides are expanded until the desired mass is obtained, allowing a maximum 10% of air inclusion.
Human Breathing Models.
As regards the human body models, the FDTD method requires an anatomical model divided into cells with different properties (voxel). Starting from an anatomical model available in the literature, new models of the human anatomy have been developed to represent different phases of the respiratory activity, taking into account the respiration physiology and the pulmonary mechanics [22] . In particular, the body models usually considered in dosimetry studies represent a resting state body (RS), that is a body at the end of the respiration phase, when little air is present into the lungs. In [18] , through an automatic procedure, two new models have been developed from Duke of the Virtual Family. In brief, starting from the RS human model, constituted by a three-dimensional matrix of integer numbers representing the various tissues (77 tissues), lung cells have been added simulating both a diaphragm displacement and an enlargement of the rib cage. Changing the entity of the diaphragm displacement and of the rib cage enlargement, two respiration phases have been modelled: the tidal breath (TB), corresponding to a state of normal inspiration with an inhaled volume of air equal to about 500 mL, and the deep breath (DB), corresponding to a state in which the volume of inhaled air is increased by 860 mL. It is important to note that the DB case refers to a deeper respiration with respect to the tidal one, as expected for a subject during normal daily activities [22] , and it does not correspond with the Inspiration Reserve Volume that is more than two times the RS. Figure 1 shows the number of lung cells in each horizontal section of the human body, as a function of the height from the feet, for the three human body models considered: resting state, that is the original model, tidal breath, and deep breath. From the figure, an overall view of the levels where the lung expansion occurred is obtained. In particular, it can be noted that the rib cage expansion in the TB and DB models follows the behavior of the RS model in the higher sections (from 140 cm to 150 cm in Figure 1 ). Then the expansion becomes more irregular; this is due to the drop in the diaphragm of 2 cm and 4 cm for the TB model and DB model, respectively.
The two new lung models are anatomically consistent. Moreover, they have a final volume of 4262 mL and 4530 mL, for TB and DB, respectively. Since the initial volume was 3849 mL (RS), an increase in volume of about 413 mL and 681 mL has been found for TB and DB, respectively, in agreement with [22] . the level of the diaphragm, for the RS ad DB model. The figure evidences that in the DB model the diaphragm is not present anymore at this level due to its downward displacement.
In the simulations the values reported in the data base, available online [23], have been assigned to the dielectric parameters of the 77 tissues comprising the body models, taking into account the frequency dependence.
With reference to the lung, for the breathing models (TB and DB models), the mass density has been assumed equal to that of inflated lung ( LI = 394 kg/m 3 ) [23], while for the RS model (man at the end of the expiration phase) an average value between the inflated lung ( LI ) and deflated lung mass density ( LD = 1050 kg/m 3 ) has been used, since the lung is never totally deflated because of the dead space. As concerns the dielectric properties, the values for inflated lungs have been used for TB and DB models. At resting state, an average value between those of inflated and deflated lung has been used, according to the linear dependence of lung dielectric properties from the air volume filling factor [24] .
Results
The obtained models have been exposed to a plane wave with frequencies between 900 MHz and 5 GHz.
When the SAR WB and SAR 10-g have been evaluated, the incident power was defined equal to the ICNIRP and IEEE-2005 reference levels for general public; when the SAR 1-g has been considered, the incident power was settled equal to the FCC reference levels.
SAR Whole Body.
SAR WB values obtained in the Duke's breathing models as a function of frequency are depicted in Figure 3 , together with the power density reference level allowed for general public in ICNIRP and IEEE 2005 guidelines [4, 6] . Results point out an increase in the SAR WB with the frequency up to 2 GHz and a decrease above this frequency value.
However it is worth noting that this behavior is strictly due to the limits on the power density settled in the guidelines, which increase with the frequency up to 2 GHz and are maintained constant for higher frequencies, as clearly shown in Figure 3 . Indeed a SAR WB linearly decreasing with the frequency would be obtained if the power density is maintained constant for all the frequencies. From Figure 3 it can be noted that all the considered models lead to SAR WB values compliant with the basic restrictions for all the considered frequencies. In particular, a very little difference is obtained in the values of the SAR WB for the three anatomical breathing models at all the considered frequencies, with increasing values of the absorbed power passing from the resting state model to the deep breath model. However, increasing the frequency, the difference in the whole body SAR for the three considered models decreases ( Figure 4 shows the SAR distribution in a coronal plane for the resting state model at two different frequencies (900 MHz and 5000 MHz). The figure evidences that the power absorption is strictly dependent on the frequency and that it remains superficially confined at the higher one. 10-g . Figure 5 shows the peak values of the SAR 10-g obtained in the head and trunk for the three considered body models, together with the corresponding ICNIRP and IEEE 2005 basic restriction. In the figure the incident power density allowed in ICNIRP and IEEE 2005 is also reported.
SAR
The figure shows an increase with the frequency of the obtained values up to 2.4 GHz, followed by a linear decrease. However, all the SAR 10-g values are well below the corresponding basic restriction (2 W/kg). It has to be noted here that the position where the maximum SAR 10-g is obtained changes with the frequency, from nose (for all the three models at 900 MHz) to genital organs (for RS at 1800 MHz and for all the three models at 2000 MHz and 5000 MHz), thorax (for TB and DB at 1800 MHz), chin (RS and DB at 2400 MHz), and neck (for TB at 2400 MHz).
With reference to the different anatomical models, no meaningful differences have been obtained in the SAR 10-g values. This is because these values are obtained mainly in the head and in the genital organs outside the area anatomically affected by the respiration. However, it is interesting to note that, at 1800 MHz, while the head-trunk maximum SAR 10-g is found in the genital organs of the RS models, it is found in the breast in the other two body models. This result could be linked to the wider thorax of the TB and DB models, with respect to the RS one, obtained as a consequence of the expansion of the lung volumes. 
SAR 10-g in the Lung
. With reference to the lungs, the SAR 10-g values obtained for this particular tissue have been drawn in Figure 6 as a function of the frequency, for the three considered models. In the figure the power density reference levels, allowed for general public in ICNIRP and IEEE 2005 guidelines and used for the incident plane wave, are also reported. From the figure it is clearly visible that the absorbed power increases passing from the resting state model to the deep model and that the higher difference occurs at 900 MHz (with a percentage variation of 76.77%), where the SAR 10-g moves from the value of 0.063 W/kg for the resting state to 0.110 W/kg for the deep breath model. This effect is due to the decrease of the lung mass density from the deflated model (RS) to inflated ones (TB and DB). 1-g . Figure 7 shows the results related to the maximum SAR 1-g in the head and trunk. The position of the maximum SAR 1-g changes with the frequency, from the nose (for all the three models at 900 MHz, 1800 MHz, and 2000 MHz) to the neck (for all the three models at 2400 MHz) and genital organs (for all the three models at 5000 MHz). From the figure it is interesting to note the differences in the maximum SAR 1-g for the different body models. Moreover, it can be noted that the SAR 1-g increases with the frequency above 2.4 GHz, even if the incident power does not increase any more, contrary to the other SAR results. This increase leads to a local SAR exceeding the basic restriction level of 1.6 W/kg of the FCC regulation for frequencies above 4 GHz for all the considered models. Similar results have been obtained in [12] , where the computed SAR 1-g values exceeded the basic restrictions of 1.6 W/kg at frequencies above 1.5 GHz, both for IEEE-1999 and FCC reference levels, for different models of adult and child.
SAR
With reference to the lungs, the SAR 1-g values obtained for this tissue have been drawn in Figure 8 as a function of the frequency, for the three considered models, together with the power density reference level allowed for general public in ICNIRP and IEEE 2005 guidelines.
From the figure it is clearly visible that the SAR 1-g increases passing from the resting state model to the deep breath model.
Conclusions
This paper addresses the safety aspects of people exposed to uniform plane waves in the frequency range from 900 MHz to 5 GHz. The problem has been analyzed using a parallel numerical code and considering three accurate models of breathing humans. These models have been developed through an automatic procedure starting from Duke's model available in the Virtual Family dataset. The human body models have been exposed to a plane wave with vertical polarization and with incident power densities equal to those settled by the safety guidelines for the different frequencies considered.
Results show that for all the considered frequencies and body models the SAR WB and SAR 10-g do not exceed the 0.08 W/kg and 2 W/kg basic restrictions. Moreover, SAR WB decreases with the frequency if the incident power density is maintained constant and it is the most stringent parameter compared to SAR 10-g , for assessing the exposure compliance. On the other side, the SAR 1-g increases with the frequency and local SAR 1-g values exceeding the basic restriction of 1.6 W/kg are obtained above 4 GHz when the incident power density is settled at the FCC reference levels. From Figures  3, 5 , and 7 it is interesting to note that the SAR WB shows Power density S eq SAR 1-g (W/kg) Figure 7 : SAR 1-g for the RS, TB, and DB models for FCC reference levels. The FCC power density reference level allowed for general population is also reported.
the maximum value in correspondence of the frequency in which the maximum incident power density is allowed by the safety guidelines, while the SAR 10-g and the SAR 1-g maximum are obtained at higher frequencies. This different behavior is due to the fact that while the SAR WB is directly linked to the total power impinging on the whole body model, the local SARs have different averaging volumes and are influenced by the field penetration depth that in turn depends on the electrical properties of the different tissues involved.
Comparing the three body models, for all the considered frequencies, the SAR values are higher in the body model representing a deep respiration with respect to the model representing a resting state for the SAR WB and SAR 10-g . To conclude it is worth mentioning that the obtained results are based on specific body models developed from an adult male model and considering the dielectric properties values available in the literature [23] . With reference to the influence of the uncertainty of the dielectric properties values on the obtained SAR results, in [25] an extensive analysis has been conducted changing the dielectric properties values of the 39 tissues comprising a 3-mm resolution human body model and considering plane-wave irradiation at the frequencies of 200, 400, 918, and 2060 MHz. They found that the changing values did not substantially influence the SAR WB , while a higher influence was obtained on localized SAR values for the individual tissues where the properties were changed. Finally, in [26, 27] a marginal effect of the variation of dielectric properties on the SAR 10-g was obtained (less than 10%). With reference to the body models used, further studies should be performed in order to confirm the obtained results considering different subject anatomies, women, and children as, for example, those developed by IT'IS Foundation. In particular, the automatic procedure used to develop the TB and DB body models could be applied to obtain breathing women and children. These models can be used both to study the absorption associated to exposure to the electromagnetic field emitted by communication systems and by biomedical applications of electromagnetic fields [28] and to characterize the human anatomy to be used in the development of new biomedical systems [29] . Furthermore, these models can be used to compute the Radar Cross Section (RCS) of man during respiration; this information is of great importance for ultrawideband radar design.
